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Summary
Background.  —  The  alliance  between  surgeons  and  interventionists  has  inspired  creative  tech-
niques to  surgically  precondition  the  heart  for  subsequent  transcatheter  repair.  The  interest
stems from  the  need  to  avoid  repeated  surgeries.  Transcatheter  Fontan  completion  of  intrac-
ardiac pathway  has  been  reported.technique; Aim.  —  To  report  a  new  surgical  preparation  for  transcatheter  completion  of  extracardiac
Hybrid  approaches Fontan circulation.
Methods.  —  The  inferior  vena  cava  (IVC)  was  cut  and  anastomosed  end-to-end  with  the  inferior
end of  a  Gore-Tex  conduit  in  20  lambs.  A  ring  was  placed  around  the  IVC  near  the  anastomosis.
The superior  vena  cava  was  cut  and  connected  with  the  right  atrium  (RA)  auricle.  In  group  1
Abbreviations: IVC, inferior vena cava; PTFE, polytetraﬂuoroethylene; RA, right atrium; RAA, right atrial appendage; SVC,
superior vena cava.
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(n  =  9),  the  Gore-Tex  conduit  was  occluded  at  both  ends  by  a  polytetraﬂuoroethylene  membrane.
In group  2  (n  =  11),  the  upper  segment  of  the  Gore-Tex  tube  was  opened  and  connected  to  the
RA to  allow  free  ﬂow  of  IVC  blood.  Fontan  completion  was  attempted  1—3  months  following
surgery.  Animals  were  sacriﬁced  just  after  or  3  months  after  completion.
Results.  —  All  lambs  were  successfully  preconditioned.  We  failed  to  complete  the  pathway  in
all animals  from  group  1  —  autopsy  showed  occlusion  of  the  pathway.  In  group  2,  there  was  one
postoperative  death,  one  elective  sacriﬁce  after  2  months  to  assess  pathway  integrity,  and  nine
successful  completions.  Autopsies  showed  widely  patent  pathway  and  well-deployed  covered
stents completely  occluding  the  fenestrations.
Conclusions.  —  Circulating  extracardiac  conduit  offers  the  best  option  to  prepare  for  extracar-
diac Fontan  completion.  This  surgical  preparation  opens  new  frontiers  for  transcatheter  and
hybrid techniques  for  extracardiac  Fontan  completion.
© 2014  Elsevier  Masson  SAS.  All  rights  reserved.
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Résumé
Contexte.  —  La  réalisation  de  Fontan  percutanée  a  été  décrite  dans  la  littérature.
Objectif.  —  Rapporter  la  création  d’un  modèle  pour  la  réalisation  d’une  circulation  extracar-
diaque de  Fontan  par  voie  percutanée.
Méthodes.  —  La  veine  cave  inférieure  de  20  animaux  a  été  anastomosée  avec  l’extrémité
inférieure  d’un  conduit  de  Gore-Tex.  La  veine  cave  supérieure  a  été  coupée  et  reliée  à  l’auricule
droite. Chez  neuf  agneaux  (groupe  1),  le  conduit  de  Gore-Tex  a  été  occlus  aux  deux  extrémités.
Dans le  groupe  2,  le  tube  de  Gore-Tex  a  été  largement  fenêtré  pour  permettre  la  circulation
du sang  cave  inférieur  sans  contrainte.  L’extrémité  supérieure  était  fermée.  La  totalisation  du
Fontan a  été  réalisée  un  à  trois  mois  après  la  chirurgie.  Les  animaux  ont  été  sacriﬁés  juste  après
et 3  mois  après  la  totalisation.
Résultats.  —  Tous  les  agneaux  ont  été  pré-conditionnés  avec  succès  avec  un  décès  postopéra-
toire (groupe  2).  Aucune  totalisation  n’a  été  possible  dans  le  groupe  1.  L’autopsie  a  montré  une
occlusion complète  des  conduits  extracardiaques.  Dans  le  groupe  2,  un  animal  a  été  sacriﬁé  élec-
tivement après  2  mois  pour  évaluer  l’intégrité  du  conduit  extracardiaque.  Les  9  autres  ont  eu
leur totalisation  percutanée  avec  succès.  À  l’autopsie,  les  conduits  étaient  largement  ouverts;
les stents  couverts  étaient  parfaitement  déployés,  occluant  le  passage  conduit-oreillette  droit.
Conclusions.  — Le  conduit  extracardiaque  circulant  offre  la  meilleure  option  pour  préparer  à
une totalisation  percutanée  d’un  Fontan  extracardiaque.  Cette  préparation  chirurgicale  ouvre
de nouvelles  perspectives  pour  des  techniques  percutanées  et  hybrides  de  totalisation  de  cir-
culation de  Fontan.
© 2014  Elsevier  Masson  SAS.  Tous  droits  réservés.
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hildren  with  functionally  univentricular  hearts  face
emarkable  struggles  throughout  their  lives.  The  devel-
pment  of  the  classic  Fontan  operation  has  signiﬁcantly
mproved  their  long-term  survival,  but  repeated  surgeries
mpact  on  survival  and  quality  of  life.  The  incidence  of
trial  arrhythmias  secondary  to  atrial  scarring  after  clas-
ic  Fontan  ranges  from  4%  to  35%  at  5-year  follow-up,  and
p  to  40%  at  10-year  follow-up  [1].  Atrial  arrhythmia  may
ead  to  reduced  cardiac  output  and  left  ventricular  dys-
unction,  both  of  which  may  detrimentally  affect  Fontan
hysiology.  Extracardiac  Fontan  surgery  deserves  special
ttention  as  it  reduces  atrial  scarring  and  thereby,  the  inci-
ence  of  atrial  arrhythmia.  Furthermore,  the  incidences
f  obstruction  of  the  cavopulmonary  pathway,  reopera-
ion,  thromboembolism  and  late  death  is  reported  low  with
xtracardiac  Fontan  circulation  [2].
•
•The  alliance  between  surgeons  and  interventional  car-
iologists  during  hybrid  procedures  has  inspired  some  highly
reative  techniques  to  surgically  precondition  the  heart  for
ubsequent  transcatheter  repair.  The  interest  for  such  pro-
edures  stems  from  the  need  to  avoid  repeated  surgeries
nd  accomplish  Fontan  completion  with  minimal  invasion.
he  attributes  of  ideal  surgical  preparation  for  transcatheter
ompletion  of  Fontan  circulation  include:
achievement  of  a  safe  and  viable  preparation  without  the
use  of  extracorporeal  circulation  and  cardiac  arrest;
a  minimal  quantity  of  foreign  material  left  in  the  systemic
atrium;
no  interference  with  sinus  rhythm;
limited  atrial  scarring;
the  use  of  conduits  of  sufﬁcient  diameter  to  accommodate
future  cardiac  growth  and  thus  avoid  surgical  redo;
most  importantly,  safe  completion  of  Fontan  circulation
using  transcatheter  techniques.
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2Transcatheter  completion  of  Fontan  circulation  
Keeping  these  attributes  in  mind,  we  have  developed  new
techniques  of  surgical  preparation  for  further  transcathe-
ter  completion.  We  have  previously  reported  the  creation
of  a  model  that  mimics  a  Fontan  circulation,  thus  allow-
ing  surgical  conditioning  and  transcatheter  completion  to
be  tested  [3].  Both  intracardiac  and  extracardiac  pathways
were  tested  in  ewes  [3,4].  The  extracardiac  pathway  ini-
tially  consisted  of  a  non-circulant  pathway  —  an  occluted
Gore-Tex  ﬁlled  with  saline  was  connected  to  create  the
Fontan-like  circulation  in  a  model  of  fully  grown  ewes.  The
aim  was  to  test  the  non-circulant  extracardiac  pathway  and
a  new  circulating  pathway  in  growing  animals.  In  order  to  try
to  improve  the  pathway  and  see  if  the  good  results  were  sus-
tained  in  a  growing  animal  model  of  Fontan,  we  report  here
the  evolution  of  a  previously  published  extracardiac  path-
way  in  a  population  (growing  animals)  more  closely  related
to  clinical  practice.
Methods
Animals
Twenty  lambs  weighing  20  ±  2.5  kg  were  included  and
divided  into  two  groups:  nine  in  group  1  (non-circulant
extracardiac  pathway)  and  11  in  group  2  (circulant  extrac-
ardiac  pathway).  Experiments  on  all  animals  in  group  1
were  completed  prior  to  those  on  animals  in  group  2.  All
animals  received  humane  care  in  compliance  with  the  stan-
dards  of  European  Convention  on  Animal  Care.  The  study
was  approved  by  the  local  institutional  ethics  committee
(INRA,  Paris,  France).  Qualiﬁed  personnel  supervised  the
procedures  and  adequate  anaesthesia  using  inhaled  isoﬂu-
rane  (1—5%)  was  used  to  minimize  unnecessary  pain.
Surgical preparation
Animals  underwent  endotracheal  intubation  and  mechanical
ventilation  under  sedation.  Surgical  preparation  was  per-
formed  without  extracorporeal  circulation  using  temporary
vascular  clamping.  The  heart  was  exposed  through  a  right
thoracotomy.  A  Gore-Tex  conduit  was  interposed  between
the  superior  vena  cava  (SVC)  and  the  inferior  vena  cava
(IVC).  No  anticoagulation  was  given  to  animals  during  the
study.
Group  1  (non-circulant)
Animals  in  group  1  underwent  the  non-circulant  extracardiac
pathway  surgical  technique  (Fig.  1)  as  has  been  previously
reported  [4].  Brieﬂy,  a  20-mm  Gore-tex  conduit  —  de-aired
and  ﬁlled  with  heparinized  saline  —  was  anastomosed  to
connect  the  SVC  and  the  IVC.  The  IVC  end  was  anasto-
mosed  in  a  termino-lateral  fashion  and  the  SVC  end  in  a
termino-terminal  fashion;  both  ends  were  occluded  with
a  polytetraﬂuoroethylene  (PTFE)  membrane.  Due  to  the
latero-terminal  connection  of  the  IVC,  the  blood  from  the
IVC  could  ﬂow  freely  to  the  right  atrium  (RA)  as  normal.
Metallic  rings  were  placed  around  the  superior  and  infe-
rior  connections  at  the  level  of  the  occluding  membranes
(Fig.  1B).
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roup  2  (circulant)
n  animals  in  group  2,  the  connections  were  modiﬁed  to  cre-
te  a  circulant  pathway  (Figs.  2  and  3).  At  the  IVC  end,
n  end-to-end  anastomosis  was  performed  that  directed  all
lood  from  the  IVC  into  the  conduit.  A  nitinol  wire  was
sed  to  create  an  open  ring  of  diameter  16  mm.  Using  the
roperty  of  memory  alloy,  after  straightening  and  release  of
onstraint,  the  wire  regained  its  ring  conﬁguration.  This  ring
as  straightened,  placed  and  ﬁxed  around  the  extracardiac
onduit  and  the  IVC  just  below  the  level  of  the  anastomo-
is.  In  the  middle  section,  a  large  connection  (larger  than
‘classical’’  fenestration)  was  created  at  the  upper  segment
f  the  extracardiac  Gore-Tex  conduit.  This  was  connected
aterally  to  a  similarly  large  opening  in  the  RA  to  allow  free
ow  and  washout  of  the  conduit  by  IVC  blood.  The  SVC  was
ut  and  connected  to  the  RA  auricle  in  an  end-to-end  fash-
on.  The  upper  end  of  the  Gore-Tex  conduit  was  occluded
ith  a  PTFE  membrane.  A  venous  segment  harvested  from
 small  Contegra  conduit  (Medtronic  Inc.,  MN,  USA)  was
onnected  between  the  Gore-Tex  conduit  and  the  SVC  to
educe  the  diameter  and  allow  a  smooth  connection  with  the
VC.  An  end-to-side  anastomosis  was  performed  between
he  venous  segment  and  the  SVC.  A  short  stent  (CP,  Numed,
Y,  USA;  2  rows)  was  placed  around  or  inside  the  venous
egment  as  reported  previously  [4].  The  stent  was  secured
ith  single  stitches  before  suturing  to  the  SVC.  The  chest
as  then  closed  and  lambs  were  sent  to  the  farm  to  recover
nd  heal  for  subsequent  transcatheter  Fontan  completion.
nterventional catheter completion
t  1—3  months  after  surgical  preparation,  cardiac  catheter-
zation  was  performed  using  both  right  femoral  and  internal
ugular  veins  (8Fr).  Using  ﬂuoroscopic  guidance,  a  7Fr  long
ullins  sheath  (Cook,  IN,  USA)  was  placed  from  the  right
ommon  femoral  vein  in  the  conduit.  A  paediatric  trans-
eptal  needle  was  advanced  into  the  Mullins  sheath  and
ositioned  in  contact  with  the  membrane  separating  the
onduit  and  the  SVC  by  tilting  the  needle  clockwise.  The
osition  was  veriﬁed  in  two  planes.
In  group  1,  we  expected  to  advance  a  wire  in  the
on-circulant  conduit  to  get  contact  with  the  inferior  IVC
embrane  after  puncturing  the  superior  SVC  membrane.
he  second  membrane  would  then  be  perforated  and  vas-
ular  stents  would  be  placed  as  reported  previously  [4].
In  group  2,  the  stent  used  in  the  interposed  venous
egment  served  as  an  important  radiological  landmark  to
osition  the  needle.  When  in  position,  the  needle  was
ushed  through  the  membrane.  A  0.014’’  wire  was  then
assed  through  the  lumen  of  the  needle  and  snared  from
he  neck.  Following  the  perforation  of  the  membrane,  bal-
oons  of  increasing  diameters  were  inﬂated  at  the  level  of
he  stent  until  complete  disappearance  of  the  waist.  A  14-Fr
heath  was  advanced  over  a  stiff  guide  wire  into  the  IVC.  A
overed  stent  graft  (CP  covered,  Numed  Inc.)  mounted  on
2-mm  BIB  catheter  (Numed  Inc.)  was  placed  to  cover  and
xclude  the  opening  of  the  conduit  with  the  RA  (i.e.  large
enestration).  Additional  bare  metal  stents  (uncovered  CP
tent,  Numed  Inc.)  were  placed  at  the  SVC  and  IVC  connec-
ions  when  required.
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Figure 1. Non-circulant extracardiac pathway (group 1) surgical technique. (A) Internal and (B) external views showing the Gore-Tex
anastomosis between the IVC and SVC ends; both ends were occluded with a PTFE membrane; rings were placed around the two connections
at the level of the occluding membranes. (C) Internal and (D) external views after transcatheter completion; stents were inserted after
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Selective  angiographies  (Figs.  4  and  5) were  performed
t  subsequent  steps:
initially,  to  conﬁrm  the  competence  of  the  occluding
membrane;
the  patency  of  the  SVC—RA  connection;
the  patency  of  the  fenestration;
after  re-establishment  of  the  pathway  between  the  SVC
and  the  extracardiac  conduit  to  conﬁrm  opening  of  the
membrane;
after  placement  of  covered  stents  to  conﬁrm  sealing  of
the  covered  stents.
acriﬁces  per  the  study  protocol,  animals  were  planned  to  be
onverted  3  months  after  surgical  preparation.  However,
ollowing  the  results  from  group  1,  the  plan  was  modiﬁed.
n  group  2,  the  ﬁrst  animal  was  not  converted,  but  was
a
c
1
rembrane to the native IVC to redirect the blood in the Gore-Tex
perior vena cava.
acriﬁced  after  2  months  in  order  to  macroscopically  assess
he  integrity  of  the  pathway.  All  animals  except  two  were
acriﬁced  just  after  the  completion.  The  other  two  animals
ere  planned  to  be  electively  sacriﬁced  3  months  after
ompletion.
esults
roup 1 (non-circulant)
roup  1  results  are  summarized  in  Table  1. All  nine  ani-
als  were  successfully  preconditioned;  and  no  animals  died
n  the  interstage  period  separating  surgical  preparation
nd  completion.  Nine  animals  were  brought  to  the  cardiac
atheterization  laboratory  for  completion  of  their  pathway
 to  3  months  following  surgery  (mean  2.5  months).  Perfo-
ation  of  the  SVC  membrane  was  successfully  achieved  in
Transcatheter  completion  of  Fontan  circulation  375
Figure 2. Circulant extracardiac pathway (group 2) surgical technique. (A) Internal and (B) external views showing the IVC with an RA rim
connected to the Gore-Tex conduit in an end-to-end anastomosis fashion. (C) Internal and (D) external views after transcatheter completion;
the superior membrane was perforated and a stent placed to cover the large fenestration. The IVC blood then ﬂowed through the pathway.
IVC: inferior vena cava; RA: right atrium.
Table  1  Schematic  summary  of  the  study.
Group  1:  non-circulant  extracardiac
pathway
(n  =  9)
Group  2:  circulant  extracardiac
pathway
(n  =  11)
Step  1:  surgical  preparation  Successful  in  9/9  Successful  in  11/11;  1  postoperative
death
Step  2:  transcatheter  completion  Mean  2.5  months  after  step  1;
successful  in  0/9
Mean  2.2  months  after  step  1;
attempted  and  successful  in  9/9
surviving  animalsa
Step  3:  sacriﬁce  At  the  time  of  completion  in  9/9;
complete  occlusion  of  the  Gore-Tex
conduit
Before  completion  and  2  months  after
step  1  (n  =  1)
At  the  time  of  completion  (n  =  7)
After  3  months  (n  =  2)
a Of the 11 animals, one died after the surgical preparation and one was sacriﬁced prior to transcatheter completion to check the
integrity of the created pathway.
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Figure 3. Operative views of the circulant extracardiac pathway (group 2). (A) The inferior connection showing the IVC connected to
a Gore-Tex conduit with end-to-end anastomosis. (B) The extracardiac conduit connected to the lateral side of the RA via a very large
fenestration that allowed complete washout of the conduit by the IVC. (C) Superiorly, a stented venous segment has been interposed
between the conduit and the target vessel (SVC in our model and pulmonary artery in humans) to allow for a smooth reduction of the
diameter from conduit size to vessel size. IVC: inferior vena cava; SVC: superior vena cava; RA: right atrium.
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vll  animals,  but  we  failed  to  create  the  expected  pathway
ecause  the  non-circulant  Gore-Tex  conduit  was  completely
ccluded  from  one  end  to  the  other.  At  autopsy,  the  conduit
as  ﬁlled  with  a  compact  ﬁbrous  tissue,  which  explained
hy  the  pathway  could  not  be  completed  (Fig.  6).roup 2 (circulant)
roup  2  results  are  summarized  in  Table  1.
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igure 4. Angiographic views showing the pathway prior to transcathe
egment and the connection of the SVC with the right auricle. (B) Dye
onnection with the extracardiac conduit and the large opening into th
he conduit and the stented venous segment explains the absence of con
ena cava; RA: right atrium.reconditioning
ll  11  animals  were  successfully  preconditioned.  One  ani-
al  died  postoperatively  secondary  to  an  occlusion  of
he  SVC—RA  connection.  At  autopsy,  the  anastomosis  was
ccluded  by  pectinate  muscles  with  a  large  amount  of  blood
xsanguinated  in  the  thoracic  cavity.  The  remaining  animals
howed  uneventful  recovery.  As  planned,  the  ﬁrst  surviving
nimal  was  sacriﬁced  2  months  after  surgery  without  under-
oing  completion  to  look  for  the  integrity  of  the  created
athway.
ter completion. (A) Superior injection showing the stented venous
 injection in the IVC showing the ring around the IVC, the direct
e RA. The occluding membrane located at the interface between
trast at this level (group 2). IVC: inferior vena cava; SVC: superior
Transcatheter  completion  of  Fontan  circulation  
Figure 5. Angiographic views showing the steps to perform the
completion and the ﬁnal pathway created after completion in
animals in group 2. (A) Still frame showing a trans-septal nee-
dle perforating the occluding membrane. (B) Balloon dilatation of
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between  the  IVC,  the  conduit  and  the  SVC.  However,  a  signif-the stented venous segment. (C) Placement of a covered stent to
exclude the fenestration. (D) Final result after completion.
Cardiac  catheterization  prior  to  sacriﬁce  showed  patent
extracardiac  pathway,  patent  conduit—RA  opening,  com-
plete  occlusion  of  the  conduit—SVC  connection  and  a
patent  SVC—RA  connection.  Haemodynamics  showed  no
gradient  between  the  conduit  and  the  RA  but  a  mean
gradient  of  2  mmHg  between  the  SVC  and  the  RA.  At  ex
vivo  examination,  the  IVC  anastomosis  was  widely  patent
and  the  PTFE  membrane  was  covered  by  ﬁbrous  tissue.  The
i
i
i
Figure 6. Autopsic picture of non-circulant pathway (group 1) showin
ﬁbrous tissue.377
VC—RA  anastomosis  was  patent  but  partially  occluded  by
ncut  pectinate  muscles.
ssessment  before  completion
he  remaining  nine  animals  were  brought  to  the  cardiac
atheterization  laboratory  for  completion  of  their  pathway
t  1—3  months  following  surgery  (mean  2.2  months;  median
 months).  Angiographies  showed  free  patent  pathways  in  all
nimals  except  one.  One  animal  had  a  stenosis  at  the  level
f  the  IVC  anastomosis  with  a  mean  gradient  of  2  mmHg.  The
enestration  was  widely  patent  in  all.  The  SVC—RA  anasto-
osis  was  patent  but  partially  stenosed  in  3/9  animals  with
inimal  gradient  (0—2  mmHg;  mean  1  mmHg).  The  PTFE
embrane  was  still  occlusive  and  pliable.  In  one  animal,
he  gap  between  the  SVC  and  the  conduit  was  particularly
ong  with  an  occluded  segment  of  around  1  cm.
ompletion
erforation  of  the  membrane  was  easily  performed  using
 trans-septal  needle  placed  from  below  in  8/9  animals.
n  the  remaining  animal  (the  one  with  the  long  occluded
egment),  it  required  multiple  attempts  before  successful
erforation.  A  mean  of  two  balloon  dilatations  was  required
n  all  animals  to  completely  open  the  conduit—SVC  segment.
n  the  animal  with  the  long  occlusion,  a  stent  was  required.
losure  of  fenestration  was  easily  performed  using  covered
tents.  The  animal  with  the  stenosis  of  the  IVC—conduit
nastomosis  required  the  placement  of  a  stent  in  this  region.
his  stent  was  easily  placed  and  perfectly  anchored  par-
ially  within  the  conduit  and  maintained  partially  by  the
ing  placed  around  the  IVC  during  the  previous  surgery.
here  was  no  stent  dislodgement  or  embolization  noted  in
ny  animal.  Haemodynamic  assessment  showed  no  gradientcant  SVC—right  atrial  appendage  (RAA)  gradient  was  noted
n  most  animals  (2—6  mmHg;  mean  4  mmHg).  This  gradient
ncreased  after  Fontan  completion  as  the  entire  cardiac  out-
g complete occlusion of the Gore-Tex conduit by dense, compact
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ut  except  for  the  coronary  sinus  blood  was  now  passing
hrough  this  relatively  small  SVC—RAA  connection.
According  to  the  protocol,  two  animals  were  sacriﬁced
 months  after  Fontan  completion.  Haemodynamics  were
nchanged  in  these  animals  showing  a  mean  gradient  of
 mmHg  at  the  level  of  the  SVC—RAA  connection.  At  autopsy,
he  IVC  was  largely  patent.  The  connection  of  the  SVC  with
he  RAA  was  partially  occluded  by  uncut  pectinate  muscles.
overed  stents  were  well-deployed  with  good  apposition  and
omplete  occlusion  of  fenestration  (Fig.  7).
iscussion
espite  its  advent  in  the  late  1990s,  transcatheter  tech-
iques  for  Fontan  completion  are  still  considered  largely
xperimental  and  are  performed  in  selected  few  centres
round  the  world.  Moreover,  the  surgical  technique  to
repare  the  heart  for  transcatheter  Fontan  completion  has
een  multiple  revisions  since  its  introduction.  New  chal-
enges  surface  at  each  change  and  the  quest  for  an  ideal
urgical  technique  continues.  Hausdorf  et  al.  [5]  were  the
rst  to  attempt  transcatheter  completion  of  a  hemi-Fontan
ith  balloon  dilatation  of  the  banded  cavo-atrial  junction
nd  fenestration  closure  using  either  a  covered  stent  or
ccluders  [6].  Subsequently,  Klima  et  al.  [7]  developed  a
ew  approach  by  establishing  bidirectional  Glenn  circulation
nd  subtotal  banding  of  the  SVC  at  the  cavo-atrial  junc-
ion,  along  with  PTFE  cuff  placement  around  the  IVC;  all
erformed  in  the  absence  of  cardiopulmonary  bypass.  To
acilitate  placement  of  the  graft  stent  in  the  SVC—RA  junc-
ion,  and  to  avoid  residual  obstruction  around  the  SVC  band
ite,  Galantowicz  et  al.  [8]  and  Cheatham  et  al.  [9]  closed
he  SVC—RA  junction  by  a  pericardial  patch  for  a  subsequent
ntracardiac  stent.  Konstantinov  et  al.  modiﬁed  this  further
y  placing  stents  at  the  level  of  both  atrio-caval  junctions
10,11].  The  atrial  SVC  was  then  connected  to  the  inferior
ace  of  the  unopened  right  pulmonary  artery.  We  further
odiﬁed  this  model  by  using  a  specially  designed  covered
tent  occluded  in  the  centre  by  a  PTFE  membrane  with
xcellent  outcomes  of  transcatheter  completion  [12].
The  use  of  extracorporeal  circulation,  cardiac  arrest
nd  the  insertion  of  foreign  material  inside  the  heart  with
uch  techniques  lead  to  signiﬁcant  atrial  scarring  and  atrial
rrhythmia  in  the  long  term.  Atrial  arrhythmia  can  reduce
ardiac  output  and  cause  left  ventricular  dysfunction;  both
f  which  can  prove  highly  detrimental  for  Fontan  physiology.
xtracardiac  Fontan  has  minimal  atrial  scarring  in  contrast
o  the  classic  Fontan  surgery.  In  lieu  of  such  concerns  and
n  the  quest  to  create  an  ideal  heart  model,  there  is  a  com-
elling  need  to  focus  on  new  methods  of  surgical  preparation
ith  the  creation  of  a  unique  pathway  that  would  answer
hese  questions.
We  initially  reported  and  tested  a  non-circulant  pathway
onnecting  an  occluded  Gore-Tex  conduit  to  the  SVC  and  IVC
n  adult  animals,  in  which  completion  was  possible.  In  this
tudy,  we  wanted  to  test  this  pathway  in  a  growing  popula-
ion  but  failed  to  complete  the  pathway  as  expected  (group
),  showing  the  need  for  conduit  washout.  We  therefore
odiﬁed  our  approach  (group  2)  to  create  a  circulating  path-
ay  (an  evolution  of  the  previous  non-circulant  pathway).
he  conditioning  of  animals  from  group  2  was  designed  to
t
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imic  the  actual  surgical  gold  standard  technique  of  extrac-
rdiac  total  cavopulmonary  connection.  The  technique  we
sed  is  quite  similar  to  what  is  done  in  most  centres  perform-
ng  surgical  extracardiac  total  cavopulmonary  connections
fter  partial  cavopulmonary  connection.  Minor  modiﬁcations
o  the  existing  technique  were  made  to  allow  transcatheter
ompletion.  Firstly,  we  integrated  a  rim  of  RA  tissue  to  allow
he  use  of  a  16—22-mm  conduit  that  is  sufﬁcient  in  size  even
or  an  adult.  The  insertion  of  a  16-mm  conduit  would  have
een  easier  in  our  model.  Large  fenestration  at  the  upper
egment  very  close  to  the  occlusive  PTFE  membrane  allowed
ree  ﬂow  from  the  IVC  to  the  RA  and  complete  washout  of
he  conduit  by  IVC  blood  with  no  stasis  or  stagnation  and
hus  less  chance  of  thrombus  formation.  A  short,  stented
egment  harvested  from  a  Contegra  conduit  was  used  in  our
tudy  to  interpose  between  the  Gore-Tex  conduit  and  the
mall  native  SVC  (pulmonary  artery  in  humans)  diameter
o  allow  smooth  transition.  This  could  probably  be  tailored
rom  the  neighbouring  native  tissue  in  humans.  Using  this
ew  pathway,  animals  were  easily  converted  in  most  cases.
One  should  understand  what  modiﬁcations  were  made
or  the  creation  of  the  Fontan  model  and  what  repre-
ents  the  surgical  preparation  of  the  transcatheter  Fontan
ompletion.  The  superior  connection  of  the  SVC  to  the
A  auricle  is  only  done  to  allow  chronic  survival  in  the
nimal  model.  This  step  is,  of  course,  unnecessary  in
umans  and  should  be  replaced  by  connection  to  the  right
ulmonary  artery  as  is  usually  performed  in  extracardiac
otal  cavopulmonary  connection  (Fig.  8).  The  experimental
esults  after  transcatheter  completion  appear  very  promis-
ng.  Complications  theoretically  possible  with  intracardiac
ranscatheter  Fontan  —  such  as  sinus  node  lesion,  conduc-
ion  disturbances  or  thrombus  formation  in  the  systemic
trium  —  are  unlikely  to  occur  in  the  presented  extracardiac
athway.
linical implications
e  believe  that  our  surgical  preparation  closely  mimics  the
re-Fontan  preparatory  stage  of  a  univentricular  heart  from
n  interventional  standpoint.  The  low  rate  of  complications
nd  no  spontaneous  deaths  in  the  perioperative  period  and
uring  follow-up  favours  the  standardization  of  this  tech-
ique  for  the  creation  of  a chronic  model  for  transcatheter
ompletion  of  extracardiac  Fontan  completion.  The  uniform
urvival  makes  this  a  good,  reproducible  technique  and  also
ffers  a  stable  platform  for  subsequent  transcatheter  com-
letion.  We  believe  that  our  method  of  surgical  preparation
arks  a  milestone  for  the  further  development  of  trans-
atheter  and  hybrid  strategies  to  accomplish  transcatheter
ompletion  of  extracardiac  Fontan  in  the  same  setting  with
 signiﬁcant  reduction  in  atrial  scarring  and  intracardiac  for-
ign  material  and,  possibly,  a  reduced  risk  of  stent  failure
13,14].
imitations
he  lack  of  long-term  outcome  data  is  one  limitation  of
his  study.  However,  the  platform  created  with  the  connec-
ion  of  the  SVC  to  the  RA  does  not  modify  the  anatomy
f  the  animal  and  allows  long-term  survival.  Of  course,
his  model  does  not  mimic  a Fontan  circulation,  but  no
Transcatheter  completion  of  Fontan  circulation  379
nd (B
F
a
tFigure 7. The fenestration is shown after sacriﬁce in (A) acute a
viable  model  of  univentricular  circulation  is  presently  avail-
able  to  chronically  test  a  Fontan  circulation.  However,  it
does  allow  testing  of  all  the  steps  for  a  Fontan-like  circula-
tion  from  surgical  preparation  to  transcatheter  completion.
Moreover,  chronic  complications  (e.g.  thrombus  formation,
stent  fractures)  of  such  procedures  can  be  assessed  as
it  is  a  viable  model.  The  haemodynamics  represent  a
s
w
e
Figure 8. The circulant pathway as it would be done in humans. (A) Inte
and (D) external views after Fontan completion. PTFE: polytetraﬂuoroet) 3-month evaluations (group 2).
ontan  circulation  and  can  reveal  and  describe  —  along  with
ngiographies  —  complications  such  as  stenosis  of  the  anas-
omosis/stent  or  small  and  restrictive  fenestration.
The  properties  of  the  interposed  materials  (Gore-Tex,
tent,  Contegra  segment)  may  pose  challenges  in  the  future
ith  regard  to  cardiac  growth.  However,  we  tested  the
xpansion  properties  of  Contegra  material,  in  vivo  and  in
rnal and (B) external views of the surgical preparation. (C) Internal
hylene.
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itro,  and  it  showed  good  expansion  properties  (data  not
hown)  [15].  Moreover,  we  interposed  large  Gore-Tex  con-
uits  and  stents  to  avoid  the  need  for  re-expansion.
Despite  very  good  experimental  results,  questions  remain
or  future  clinical  applications,  e.g.  what  anticoagulation
trategy  would  be  required?  Moreover,  like  any  innovative
echnique,  clinical  studies  will  be  necessary  to  compare  the
resent  surgical  staged  strategy  and  a  hybrid  approach.
onclusions
n  innovative  way  of  surgical  preparation  using  an  off-pump
urgical  technique  for  subsequent  transcatheter  completion
f  extracardiac  Fontan  circulation  is  described.  The  surgi-
al  preparation  opens  new  frontiers  for  transcatheter  and
ybrid  techniques  for  completion  of  extracardiac  Fontan  cir-
ulation.  Further  long-term  studies  with  a  similar  chronic
eart  model  may  be  required  before  such  techniques  may
e  implemented  clinically.
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